For Autonomous Driving (AD) system or vehicle behavior control, it is important to know the friction coefficient of the road surface accurately. It is because the lateral and the longitudinal force characteristics of the tire depend on the road surface condition largely. However, even today it is difficult to detect the tire-road friction coefficient before the deterioration of vehicle dynamics in real time. This is because the tire-road friction coefficient estimation is usually conducted by comparing the actual vehicle motion with the reference vehicle model motion. So, such conventional estimators do not perform well if there is no significant difference between the actual vehicle behavior and the model. This paper propose a method for real-time estimate tire-road friction coefficient that changes variously during driving. Using this method, the friction coefficient value for a real road can be determined from relatively simple calculations. Moreover, this method has the advantage of allowing the independent estimation of the friction coefficient value for both the front and rear wheels. In addition, this paper explain how to apply and the effect on the actual vehicle. Furthermore, we demonstrate its effectiveness via online estimation of the road surface friction coefficient based on actual vehicle experiments.
Introduction
Recently, there have been active discussions in the field of automated driving considering its commercialization. In particular, a notable fact is that discussions on closely combining technical topics with social topics, such as the standardization and regulations surrounding the ownership of the driver responsibility and system limitations, are underway. In Japan, the ITS Initiative/Roadmap 2017 issued by the cabinet secretariat IT strategy room describes the level divisions considering the definition of automation levels proposed by SAE. In addition, it states the amount of monitoring required for safe driving at each level as well as the definitions of the involved bodies along with the expected time period for commercialization (IT strategic headquarters, 2017) (Ministry of Land, Infrastructure and Transport and Tourism, 2017), e.g., level 2 automated driving technology, which is already available is an automated drive that automates a part of the acceleration, deceleration, turning behavior. However, the responsibility of the drive lies with the driver. In contrast, in level 3, which is expected to be commercialized in 2020, driving will be conducted by an automated driving system under certain conditions and the system will be responsible for safety monitoring during that time. When the system limits are reached, the driver is requested to drive and the right to drive is subsequently passed onto the driver. Currently, research on HMI (Ito et al., 2016) for realizing the handover of the driving rights, that on the request timings (Ito et al., 2017) , and that on the consideration of an extension system to maintain vehicle control when there is a system limitation, such as actuator failure until driver starts to drive (Toyoda et al., 2016) , has been performed.
It should be noted that one of the system limitations in automated driving is the change in the state of the road surface. For a vehicle to run, turn, and stop, not limited to automated driving, the tires must transmit force to the road surface. In discussing vehicle motion, the most fundamental factor is the force generated by the tires. However, the force generated from the deflection of the tires considerably changes depending on the friction coefficient of the road surface. In other words, in automated driving systems greater than level 3, if sufficient tire force cannot be generated from road surfaces due to freezing of these surfaces during the operation of the system, the vehicle should be maintained in a stable driving condition or be able to safely transfer the authority by detecting the change in the road surface, thus requesting the driver to drive.
Information about the tire characteristics and the saturation point of the system driving force for the possible force is required to evaluate techniques for recovering from situations wherein the control of the vehicle is lost under certain driving conditions. For example, anti-lock braking systems (ABS) were first employed in cars in the 1950s after being used in the railway and aviation applications (Nippon ABS Ltd., 1993) and are currently a compulsory part of the safety system of all cars. Sideslip prevention control systems, such as electronic stability control (ESC) and vehicle dynamics control (VDC), ensure safe turning of the vehicle and are now widely installed as a standard feature. In recent years, many vehicle systems have become electric and various automated systems for controlling driving have been proposed. These systems have better responsiveness than the engine or hydraulic brakes, e.g., steering-assisted vehicle stability control (S-VSC) systems with electronic power steering (Kadosaki et al., 2009) (Tsuruoka et al., 1998) (Okano et al., 2001) . It is expected that such technologies could also be included in automated driving systems.
Moreover, the development of the technology for detecting the current tire conditions and characteristics has shown good progress. In particular, many new evaluation methods that can easily detect system-driven torques and not just the good controllability due to the motor have been proposed, as described above. Various methods, such as the peak search method, which identifies the slip rate at which the driving force is at its maximum by constantly monitoring the force (Seto et al., 1999) , and a method that detects a remaining tire force from the relation between the motor torque and estimated driving force, have been proposed. The latter method does not include the vehicle speed as it cannot be easily detected (Sakai et al., 1999) . However, these are straightforward techniques for detecting the tire-generated force as a result of vehicle behavior. To use such methods as a part of the notification system for level 3 automated driving, quantitative and continuous measurement of the tire-generated force is required for accurately determining the tire characteristics before the behavior becomes unstable (at this point, it is too late to begin the authority transfer to the driver). To the best of our knowledge, such a technique has not yet been established.
This research proposes a new method that enables real-time estimation of the tire-generated force during the turning of a vehicle, without requiring the knowledge of the friction coefficient of the road surface (Shiozawa et al., 2008) . Many current vehicle control systems measure the maximum force between the tire and the road surface, and it is thought that the use of this value may be more effective and versatile than the tire-generated force. Herein, we propose a method for estimating the friction coefficientvalue from the tire-generated force and investigate the efficacy of the method for applications involving real vehicles.
Method for estimating the tire-generated force when turning
A method for estimating the real-time tire characteristics when turning without independent measurement of the friction coefficient  value is described below. Fig.1 "Lateral Tire Characteristic" is that a tire generates cornering force that is proportional to the slip angle when the slip angle is small, and as the slip angle increases, this proportional relationship breaks down and the cornering force cannot sufficiently increase with the increasing slip angle. Shiozawa and Mouri, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.7 (2018) A tire generates cornering force that is proportional to the slip angle when the slip angle is small, as shown in Figure 1 . However, as the slip angle increases, this proportional relationship breaks down and the cornering force cannot sufficiently increase with the increasing slip angle. Moreover, this behavior also depends on , which varies for different road surfaces. The tire slip angle  at which the cornering force reaches saturation decreases with decreasing µ.
In a real road environment, the road surface conditions are not well known. Even if the slip rate, slip angle, and tire-generated force could be estimated, the obtained data would only represent a single point on a curve in Figure 1 . Therefore, the tire behavior in response to the road surface (curves in Figure 1 ) cannot be estimated. In the discussion presented herein, the following terms are used:
Cf, Cr: cornering stiffness (as per convention) Gf, Gr: cornering gradient (the gradient of the tire-cornering force at each point) Kf, Kr: cornering ratio (the ratio of the cornering force to the tire slip angle)
The front-and rear-wheel tire slip angles are f and r, the cornering forces for the front and rear wheels are Yf, and As shown in Figure 2 , the cornering gradient is an indicator of how much the cornering force Y can be increased when the tire slip angle  increases under certain conditions. In the linear region where  is small, the cornering gradient is the same as the cornering stiffness. A cornering gradient of 0 indicates that the maximum force has been reached. Further increases in  results in the cornering gradient becoming a negative value. In this region, even if increases, the cornering force decreases. Hence, quantifying the cornering gradient during driving can determine the state of the tires.
This study focused on the relationship between cornering ratio K and cornering gradient G. Figure 3 is a tire characteristic diagram showing experimental data and calculated data using the Magic Formula model. This model parametrically displays the tire characteristics based on the experimental data and is widely used in vehicle behavior simulations (Pecejka, 1991) . The parameters are identified based on the measured data of 40km/h constant J-Turn test from three different road surface conditions: dry asphalt, compressed snow, and frozen surface. In figure 3, when connecting a certain cornering gradient point of each road surface, it becomes one straight line passing through the
origin. In other words, if the cornering ratio is known, the cornering gradient at that point can be calculated from the tire characteristic curve without needing to know the  value. Figure 4 shows the relation between the cornering gradient and cornering ratio for the three different road conditions. This figure confirms that the three tire characteristics shown in Figure 3 overlap and that the relation between K and G is the same, regardless of the road surface. Such graphs can easily be made for a road surface from the experimental data, allowing the cornering gradient to be promptly determined independent of the  value. Fig.3 "Magic Formula Model" parametrically displays the tire characteristics based on the experimental data and is widely used in vehicle behavior simulations. And the three tire characteristics of the relation between K and G are same, regardless of the road surface. It is clear that the method described above is a useful basic technique for appropriately controlling the turning behavior in a real road environment with unknown . However, in practical situations, the exact tire characteristics are not required and it is often sufficient to simply know the maximum  value. Hence, the basic theory and specific method for estimating  in order to use this technique even more effectively are explained in the following section.
Estimation of tire characteristics independent of μ 3.1 Basic principles
As discussed in the previous chapter, the tire characteristics for different  values have the same cornering gradient for a fixed cornering ratio as it is determined from the slope of the tangent to the point. Here, considering the geometry of the aforementioned relation, we hypothesize that the tire characteristic curve for each µ is proportional to . The validity of this hypothesis is confirmed using the mechanical (brush) model of the tire, as shown in Figure 5 .
This model considers the tread rubber part of the tire surface as a collection of elastic bodies, and if there is a slip rate or a slip angle applied to the tire, each elastic body deforms in the same direction and generates restoring forces (Abe, 2015) .The force generated by the tires is the sum of the force produced by each elastic body. "Tire Brush Model" is the mechanical model of the tire. The force generated by the tires is the sum of the force produced by each elastic body.
The tire rotates at an angular velocity . It moves at an angle  against the plane of rotation, and the speed component in that plane of rotation is u. Assume that there is a lateral force (Fy) and a vertical force (Fz) acting on this tire. This can be represented by Equation (1) : (1) where K is the lateral tire rigidity. µ is Road surface friction coefficient.
Here, if Fy's equation is organized by slip angles  (tire slip angle) and if coefficients other than  are collated as constants, then it can be rewritten as Equation (2). (2) However, P1-3 is considered to be a constant independent of the road surface conditions and is approximated so that An auxiliary line (straight line) with a gradient of Ko (cornering ratio) intersecting the origin is shown on this tire characteristics diagram. The intersections of this auxiliary line and the tire characteristic curves with road surface friction coefficients 1 and 2 are i1 and i2, respectively.
Here, a tire with characteristics such as those shown in Figure 6 is considered. This figure shows different cornering force curves as functions of the tire slip angle for the same tire due to the differences in the road surface. An auxiliary line (straight line) with a gradient of Ko (cornering ratio) intersecting the origin is shown on this tire characteristics diagram. The intersections of this auxiliary line and the tire characteristic curves with road surface friction coefficients 1 and 2 are i1 and i2, respectively. Equations (4) and Eq.(5) can be derived considering the intersections at points i1 and i2, the tire characteristic curve shown in Equation (2), and the auxiliary line formula from Equation (3). Hence, as shown in Figure 6 , 1, 2 and 1, 2 are positive values (they are not 0). If the fact that points i1 and i2 are on the auxiliary line Fy = Ko is considered, Equations (6) and Eq.(7) can be defined as follows:
This shows that if the tire characteristic curve is viewed from a geometric point of view, it is of similar shape and proportional to , thereby confirming the validity of the proposed hypothesis. Therefore, it is reasonable to conclude that it can be determined by the road surface . In addition, because verification of this normalization was done in W. F. Milliken's research (1997) , the details are omitted in this paper. In the following section, we propose a method for estimating  using this geometric condition. 
Method for estimating road surface µ
First, the tire characteristics ( Figure 7 ) are measured for a standard road surface. Any road surface can be chosen as standard µ, but when considering the signal-to-noise (S/N) ratio of the data, a road surface, such as dry asphalt, with high µ is desirable. The measurement method is designed for both the front and rear wheels, and a map is provided to the automotive controller. The measurements of µ during a drive are performed based on this map. (9) and Eq.(10) can be obtained: Shiozawa and Mouri, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.7 (2018) (10)
By solving these equations simultaneously, the cornering forces for the front and rear 2wheels (Yf, and Yr, respectively) can be calculated. Moreover, the front-and rear-wheel tire slip angles (f and r, respectively) can be derived from Equations (11) and Eq. (12). (11) , (12) Henceforth, similar calculations are performed for both the front and rear wheels. The tire slip angle obtained from the above calculation is a and the cornering force is Ya. In the calculation results shown in Figure 7 , point ia can be placed, as shown in Figure 9 . Moreover, the intersection between the extrapolated straight lines from the origin to point ia of the tire characteristic curve on a standard road surface is defined as ib and the distances between points ia and ib and the origin are da and db, respectively.
Furthermore, in Figure 9 . the tire characteristic curve for an actual driving road surface is indicated by a dotted line, but this information cannot be accurately known for a real road environment. However, as demonstrated previously, the shapes of the tire characteristic curves on a standard road surface and a real road surface are similar depending on the standard  value. In other words, the da :db ratio in Figure 9 is same as the a :b. Therefore,  during a drive can be easily obtained from Equation (13). Using this method, the friction coefficient value for a real road can be determined from relatively simple calculations. Moreover, this method has the advantage of allowing the independent estimation of the friction coefficient value for both the front and rear wheels. The da :db ratio is same as the a :b. Using this relationship, the friction coefficient value for a real road can be determined from relatively simple calculations.
Method verification using real vehicles
The effectiveness of the aforementioned method was confirmed using real vehicles. The vehicle used for this experiment was a generic four-wheel front-wheel drive car with front-wheel rotary steering. A sensor and a PC were installed especially for the experiments. The  values when driving on various road surfaces, such as compressed snow road surface and frozen road surface, were measured. In preparation for these experiments, the basic characteristics of the front and rear tires, as shown in Figure 7 , were measured on a dry asphalt road surface. Incidentally, including the influence of wheel load and suspension, measure as tire characteristics.
As previously explained, these measurements were performed based on the vehicle's , ,  and Gy values that were measured by the sensors. The driving pattern was a J-turn (gradually letting the nose out from an initial straight motion), and the relation between the cornering force (the total for the two front wheels, and the total for the two rear wheels) and the tire slip angle was mapped. Based on these experiments, the results of the two different road conditions are discussed herein. Figure 10 shows the experimental results of the J-turn tests for the uniform compressed snow road surface, with the same steering input as in the case of basic characteristics. The figure shows the time-series data for the steering angle, yaw rate, lateral acceleration, front and rear tire slip angles, and estimated . This result shown lower value of front and rear tire's estimated value. The  values for the road surface with compressed snow were in the range 0.4-0.5. This technique estimated the road surface state based on the tire's lateral characteristics. Hence, there is some extent of steering input or turning states required, but it is clear that the  values were low 3 s after the test began. The  value was constant and equal to 1 for first 3 s of the test as the tire characteristics were barely changed by  (Figure 11 ). On the other hand, it is estimated that  was around 0.4 for a long time before the lateral acceleration reached 0.4G and stopped increasing. In other words, even when the yaw rate and lateral acceleration increased with increasing steering angle after 3 s,  remained around 0.4. Unlike the conventional method in which  is considered as the vehicle body speed when the cornering force reaches a saturation point, our method allows the maximum  value to be calculated prior to saturation being reached. Checking this using a tire characteristic diagram with the tire slip angle as an indicator resulted in Figure 11 . This experiment is 40km/h constant J-Turn. Using 2  -estimators for front and rear tire. This result shown lower value.
Fig.11
Our proposed method performs the evaluation using the cornering ratio. Therefore, the relative point to the real measured point is becomes point id, which was a sufficiently large difference to detect. Moreover, the estimated accuracy is sufficient to differentiate between a dry road surface and a compressed snow road surface.
Fig.12
This experiment is the road surface changes from compressed snow to ice at a vehicle speed of 40 km/h with left and right slalom. Using 2  -estimators for front and rear tire. This result shown lower value.
The state at 3 sec in Figure 10 , when a reduction in  was detected, is equivalent to point is shown in Figure 11 . At higher tire slip angles, it was possible to detect that the car was traveling on a compressed snow surface. On the compressed snow road surface, on which this experiment was carried out, the cornering force reached saturation around the point when the tire slip angle increased above 0.1 rad; however, it is clear from this figure that  could be estimated at around half that value (0.04 rad). Point is (plotted on the graph shown Figure 11) is extremely close to the characteristic curve for a dry road surface; hence, it is difficult to differentiate between these two road surfaces using methods that directly observe the vehicle behavior, such as the tire slip angle. However, our proposed method performs the evaluation using the cornering ratio. Therefore, the relative point to the real measured point is becomes point id, which was a sufficiently large difference to detect. Moreover, the estimated accuracy is sufficient to differentiate between a dry road surface and a compressed snow road surface.
Next, we show the results confirming the validity of the proposed method when  changes during a drive. The time-series data of  and the vehicle behavior when the road surface changes from compressed snow to ice at a vehicle speed of 40 km/h with left and right slalom driving are shown in Figure 12 (from top to bottom: the steering angle, yaw rate, lateral acceleration, front and rear wheel tire slip angles, and ). The  value was around 0.4 for a compressed snow road surface for the first half of the test and around 0.2 for the last half on a frozen road surface.
On the compressed snow road surface, in the first half of the measurement when there was no disturbance in the vehicle behavior, the measured  value was around 0.4 (as for the J-turn experiment). Moreover, it can be seen that even when there was a transitional behavior, such as slalom driving, this method can be used without any deterioration. Additionally, this method could detect the changes in the road surface, i.e., from snow to ice, around a period of 5 s. In conclusion, we confirmed that  could be estimated before the cornering force reached saturation using the proposed method with real vehicles.
Conclusion
Herein, we introduced a method for estimating the tire characteristics that does not require  as a standard technique, which is expected to contribute to automated driving systems with a level greater than Lv.3, and proposed a  estimation method using this principle. We theoretically demonstrated that the maximum road surface  can be quantitatively calculated before the cornering force reaches saturation. Furthermore, we discussed the application of the proposed method to real vehicles and demonstrated its effectiveness via online estimation of the road surface  based on actual vehicle experiments. In the future, the proposed estimation method will be developed to apply longitudinal and frictional circle models in order to make it a more effective method for estimating the tire characteristics and . We will propose new control methods for vehicle behavior as well as techniques for integrating it into automated driving systems.
